Recently, resonance-enhanced multiphoton-ionization photoelectron spectroscopy (REMPI-PS) has shown to be an effective method to study the energy-level structure of the excited or Rydberg state and the photoionization or photodissociation processes. [1] [2] [3] [4] [5] [6] [7] [8] Femtosecond laser pulse was considered as an ideal excitation source because of its ultrahigh laser intensity and ultrashort pulse duration. However, the femtosecond-induced REMPI-PS suffers from poor spectral resolution due to the large spectral width of the femtosecond laser pulse, and this greatly limits its further applications and developments. Therefore, a crucial question for the femtosecond-induced REMPI-PS is how to improve its spectral resolution. Fortunately, with the advent of the ultrafast pulse shaping technique, [9] [10] [11] [12] [13] [14] the quantum coherent control strategy by making use of the shaped femtosecond laser pulse provides a new opportunity to manipulate the resonance-enhanced multiphoton ionization process via the quantum interference of different excitation pathways connecting the initial state and the desired final state. Nowadays, the femtosecond pulse shaping technique has proven to be a well-established tool to improve the spectral resolution of the femtosecond-induced REMPI-PS. For example, Wollenhaupt et al. demonstrated that the slow and fast photoelectron components of the femtosecond-induced REMPI-PS can be selectively excited by a sinusoidal, chirped, or phase-step modulation. [15] [16] [17] [18] We showed that the femtosecond-induced REMPI-PS can be greatly narrowed and enhanced by a π or cubic phase modulation. [19] [20] [21] [22] [23] In our previous study, 23 we demonstrated that, by measuring the photoelectron intensity at a given kinetic energy and scanning the single π phase step position, a highresolution (2 + 1) REMPI-PS can be obtained. However, in present study we will demonstrate that the high-resolution a) Email: jxding@phy.ecnu.edu.cn b) Email: sazhang@phy.ecnu.edu.cn (2 + 1) REMPI-PS cannot be achieved at any measured position of the kinetic energy by this measurement method, which is dependent of the laser spectral bandwidth. To eliminate the effect of the laser spectral bandwidth, we propose a double π phase step modulation instead of the single π phase step modulation, and show that the high-resolution (2 + 1) REMPI-PS can be realized at any measured position of the kinetic energy and with any laser spectral bandwidth. Furthermore, to show the advantage of the double π phase step modulation, we utilize the contributions involving the on-and near-resonant three-photon excitation processes to illustrate the control of the photoelectron intensity. Figure 1 (a) presents the schematic diagram of the (2 + 1) resonance-enhanced three-photon ionization process in cesium (Cs) atom pumped by the femtosecond laser field E(t), where |6s and |9s are the ground state and the excited state, respectively. The state transition |6s → |9s is coupled by a non-resonant two-photon absorption, and then the population in the |9s state is ionized by absorbing the other photon. In perturbative regime, the (2 + 1) REMPI-PS signal P (2+1) (E ν ) can be approximated by time-dependent perturbation theory as
where A
on−res (E v ) and A (2+1) near−res (E v ) represent, respectively, the on-and near-resonant components, and are given by
and with
where E I is the ionization energy from the |6s state, ω 6s→9s is the transition frequency from the states |6s to |9s , ℘ is the Cauchy's principal-value operator, is the detuning of the non-resonant two-photon absorption in the |9s state, and E(ω) is Fourier transform of E(t) with E(ω) = A(ω)exp[i (ω)], here A(ω) and (ω) are the spectral amplitude and phase in the frequency domain, respectively. One can see from Eqs. interferes all other near-resonant three-photon excitation pathways ( = 0), and therefore the total signal P (2+1) (E ν ) is the result of both the inter-and intra-group interferences involving the on-and near-resonant three-photon excitation pathways.
As can be seen from Eqs. (2)- (4), the on-resonant term A (2+1) on−res (E v ) is proportional to the non-resonant two-photon absorption amplitude S (2) (ω 6s→9s ) and therefore is maximal value for the transform-limited laser pulse or the shaped laser pulse with antisymmetric spectral phase distribution around the two-photon transition frequency ω 6s→9s /2. Thus, the onresonant contribution |A (2+1) on−res (E ν )| 2 can be suppressed but cannot be enhanced by varying the laser spectral phase. However, the near-resonant term A (2+1) near−res (E v ) integrates over both positive ( > 0) and negative ( < 0) components, and therefore the transform-limited laser pulse induces a destructive interference in these near-resonant three-photon excitation pathways. A simple way to enhance the near-resonant contribution |A (2+1) near−res (E ν )| 2 is to induce a constructive interference instead of the destructive interference by a phase inversion, such as the spectral phase step modulation that we will demonstrate in this paper.
In our theoretical simulation, the transition frequency from the states |6s to |9s in Cs atom is ω 6s→9s = 26910 cm −1 , the ionization energy from the |6s state is E I = 3.89 eV, which is corresponding to the frequency of about 31 375 cm −1 , and the central frequency of the femtosecond laser pulse is set to be ω L = ω 6s→9s /2 = 13 455 cm −1 . Figure 2 presents the REMPI-PS signal P (2+1) (E ν ) (green solid line) excited by the transform-limited laser pulse, and the on-resonant contribution |A near−res (E ν )| 2 is very small. Our previous works showed that, by measuring the photoelectron intensity at a given kinetic energy and scanning the single π phase step position, the high-resolution (2 + 1) REMPI-PS can be obtained. 23 In order to show that the highresolution photoelectron spectroscopy will be affected by the laser spectral bandwidth, we measure three different positions of the kinetic energy that are at E meas ν = 1.1022, 1.1084, and 1.1146 eV, as shown with three vertical dashed lines in Fig. 2 . Fig. 1(b) , where the phase pattern is characterized by a phase jump from −π /2 to π /2 at the variable step position ω S π . All data are normalized by the photoelectron intensity induced by the transform-limited laser pulse, and hereafter the same method is employed. As shown in Fig. 3(a) , (see Figs. 3(b-1) and 3(b-3) ), while it will be almost eliminated with the laser spectral bandwidth ω = 200 cm −1 (see Fig. 3(b-2) ). The similar results can be observed in Fig. 3(c) , where the narrowband peak almost disappears with the laser spectral bandwidth ω = 300 cm −1 (see Fig. 3(c-3) ). Obviously, by the single π phase step modulation, the highresolution REMPI-PS cannot be obtained at any given measured position of the kinetic energy, which is affected by the laser spectral bandwidth. By further observing the onresonant contribution |A near−res (E ν )| 2 are greatly enhanced at these specific phase step positions due to the constructive interference instead of the destructive interference, and therefore the total signal P (2+1) (E meas ν ) is enhanced at these corresponding positions.
To further show why the double π phase step modulation is more effective than the single π phase step modulation in obtaining the high-resolution REMPI-PS for any measured position of the kinetic energy and any laser spectral bandwidth, we present the dependence of the photoelectron intensities at the kinetic energies E meas ν = 1.1084 and 1.1022 eV on the laser spectral bandwidth by both the single and double π phase step modulations, and the calculated results are presented in Fig. 5 . By the single π phase step modulation, as shown in Fig. 5(a-1) , both the on-resonant contribution |A ). The similar results can also be found in Fig. 5(b-1) around the laser spectral bandwidth ω = 300 cm −1 . Thus, the narrowband peak by scanning the single π phase step position will disappear with these specific laser spectral bandwidths, as shown in Figs ) is greatly enhanced. Consequently, the narrowband peak by scanning the double π phase step position always can be obtained with any laser spectral bandwidth, as shown in Fig. 4 .
The effects of the laser spectral bandwidth on the photoelectron intensity at a given kinetic energy by the single and double π phase step modulations in Figs. 3-5 can be analyzed by the theoretical description formulated in Eqs. (2)-(4). The single or double π phase step modulation (i.e., (ω) = 0 or π ) implies that the shaped laser field E(ω) is always a positive or negative real number for any laser frequency, and thus the on-resonant component A In other words, the (2 + 1) resonanceenhanced three-photon ionization is determined only by intragroup interferences within each of the on-and near-resonant excitation pathways. By the single π phase step modulation, the amplitudes (1/ )E[(E meas v + E I )/¯− ω 6s→9s − ] are all negative value for small +| | and −| | with any laser spectral bandwidth while the amplitudes S (2) (ω 6s→9s + ) will change from positive to negative value with the increase of the laser spectral bandwidth, 24 and thus the negatively and positively detuned near-resonant three-photon excitation pathways will constructively (or destructively) interfere when the amplitudes S (2) (ω 6s→9s + ) are of the same (or different) sign. Consequently, both the onresonant contribution |A In conclusion, we have demonstrated that the laser spectral bandwidth will affect the high-resolution (2 + 1) REMPI-PS by measuring the photoelectron intensity at a given kinetic energy and scanning the single π phase step modulation, and a double π phase step modulation instead of the single π phase step modulation was proposed to eliminate the effect of the laser spectral bandwidth, thus the high-resolution (2 + 1) REMPI-PS can be achieved at any measured position of the kinetic energy and with any laser spectral bandwidth. By considering the contributions involving on-and near-resonant three-photon excitation processes, the advantage of the double π phase step modulation on achieving the high-resolution (2 + 1) REMPI-PS can be well illustrated. We believe that these theoretical results are very helpful for the experimental study and can be further extended to the control of various resonance-enhanced multiphoton-ionization processes.
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